I -INTRODUCTION I n t e r d i f f u s i o n experiments a t constant temperature and oxygen a c t i v i t y between two oxides which are completely soluble can be used t o o b t a i n t h e i n t e r d i f f u s i o n coeff i c i e n t o f t h e system, which i s a parameter describing t h e r a t e o f mixing o f the two components. The i n t e r d i f f u s i o n c o e f f i c i e n t i n b i n a r y m e t a l l i c systems i s r e l a t e d t o other phenomenological parameters measured independently, i . e . t h e t r a c e r -d i f f u s i o n c o e f f i c i e n t s o f the two components, through an equation o r i g i n a l l y derived by Darken /I/. A p p l i c a t i o n o f t h i s equation t o c a l c u l a t e t h e i n t e r d i f f u s i o n c o e f f i c i e n t f o r binary-oxide s o l i d s o l u t i o n s o f t h e (A,B)
O type has been shown t o present soae problems /2-4/. I n f a c t d i f f u s i o n i n oxide systems i s d i f f e r e n t from d i f f u s i o n i n met a l s due t o requirement t h a t e l e c t r i c a l n e u t r a l i t y i s maintained and due t o the i nfluence o f a f u r t h e r parameter, t h e value o f the oxygen a c t i v i t y . I n f a c t , unless t h e t r a c e r -d i f f u s i o n c o e f f i c i e n t s o f t h e two ions happen t o be the same f o r equal values o f the oxide composition and oxygen a c t i v i t y , the two i o n s w i l l d i f f u s e i n opposite d i r e c t i o n s a t d i f f e r e n t rates, producing a d e v i a t i o n o f the concentration o f vacancies from t h e corresponding e q u i l i b r i u m values i n t h e two sides o f t h e d i ff u s i o n couple. This i n t u r n produces l o c a l changes o f t h e oxygen a c t i v i t y which aff e c t t h e f l u x e s o f t h e two ions, tending t o avoid t h e production o f l a r g e deviations frorn t h e e q u i l i b r i u m i n s i d e the sample. The formation o f oxygen a c t i v i t y gradients connected w i t h the d i f f e r e n t d i f f u s i v i t i e s o f t h e cations i n oxide sol i d s o l u t i o n s has been both proposed on t h e o r e t i c a l grounds and confirmed experimentally /2-4/. The purpose o f the present work i s t o take i n t o account t h e development o f oxygen Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1986182 a c t i v i t y gradients i n s i d e t h e d i f f u s i o n couple i n an i n t e r d i f f u s i o n experiment i n an (A,B)O s o l i d s o l u t i o n t o o b t a i n a modified form o f Darken's equation. To r e s t r i c t t h e treatment, the oxides are assumed t o have t h e same k i n d o f e l e c t r ic a l c o n d u c t i v i t y (p-type), t o contain o n l y metal vacancies as l a t t i c e defects and t o form a complete series o f s o l i d s o l u t i o n s e x i b i t i n g i d e a l behavior: i n addition, i t i s assumed t h a t oxygen d i f f u s i v i t y i s n e q l i g i b l e w i t h respect t o t h a t o f t h e two met a l components.Al1 t h e previous conditions apply t o the oxides considered here f o r numerical applications. 
During an i n t e r d i f f u s i o n experiment, two samples o f s o l i d s o l u t i o n w i t h d i f f e r e n t composition ( b u t each homogeneous per se) and w i t h a constant common value o f the oxygen a c t i v i t y are brought together under a constant oxygen a c t i v i t y i n t h e gas phasein e q u i l i b r i u m w i t h t h e a i n t h e oxides. D i f f u s i o n between t h e two regions
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takes place due t o t h e d i f f e r e n c e i n oxide composition. I n p r i n c i p l e , t h e two f l u x e s are given by
and so t h a t t h e two f l u x e s should d i f f e r i f D # DB. However t h i s c o n d i t i o n leads t o a s i t u a t i o n o f non equi 1 i brium concerning tfie concentration o f defects i n t h e various regions o f t h e sample. The extreme case f o r t h i s i s when t h e f a s t e r d i f f u s i n g i o n (say A) corresponds t o an oxide having a higher concentration o f defects under a g iven temperature and oxygen a c t i v i t y . 'In f a c t i n t h i s case, A w i l l d i f f u s e away from
regions o f concentrations o f A higher than the average f i n a l value ( f ) more r ap i d l y than t h e slower d i f f u s i n g species B w i l l d i f f u s e i n . As a r e s u l t t h e concent r a t i o n o f metal vacancies w i l l r i s e i n t h e A-rich regions, where i t should instead decrease as a r e s u l t o f t h e increase o f t h e concentration o f 5. The opposite s i t u at i o n w i l l occur i n regions containing a concentration o f A lower than t h e average, where t h e concentration o f vacancies w i l l decrease as a r e s u l t o f the d i f f u s i o n process. I n t h i s way a d e v i a t i o n from t h e c o n d i t i o n o f e q u i l i b r i u m f o r t h e concentrat i o n o f vacancies w i l l be produced on both sides o f t h e sample, I n p r i n c i p l e , vacanc i e s could be destroyed in regions where they are supersatured, and could be created where t h e i r concentration i s below equilibrium, b u t these processes are n o t import a n t i n oxides /3,4/. The l o c a l change i n t h e concentration o f vacancies can be i nt e r p r e t e d as a corresponding change i n t h e oxygen a c t i v i t y . I n f a c t , an oxygen a c t iv i t y gradient has been shown t o be produced i n d i f f u s i o n couples i n systems o f t h i s k i n d /2-4/, and i t has been proposed t h a t t h i s i s such t o make 3 % -JB /2-4/. Use A o f t h i s c o n d i t i o n i n conjunction w i t h t h e general expression f o r the two f l u x e s g iven above y i e l d s from which, a f t e r rearrangement, t h e r a t i o between t h e gradients o f I n a . and E i s 
( w i t h yi= a c t i v i t y c o e f f i c i e n t o f t h e component i (A o r B) and x. i t s mole f r a c t i o n )
i s the so-called thermodynamic f a c t o r . I n t h e case o f an i d e a l s o l u t i o n t h i s f a c t o r i s considered equal t o one not o n l y f o r a b i n a r y system A-B, b u t also f o r a t e r n a r y system such as a s o l i d s o l u t i o n between A0 and BO /2-4/. The expression obtained above d i f f e r s from t h e usual form o f Darken's equation, i n which 6 i s considered equal t o one, by the presence o f t h e c o r r e c t i o n term
B = a E ( 1 -E ) ( D A -DB). c1-546
JOURNAL DE PHYSIQUE
It i s seen immediately t h a t t h i s term i s equal t o zero when D = DB, b u t t h a t i t i s A always negative when D # D thus making D(1) c a l c u l a t e d according t o Eq. ( 7 ) a l -A B Y . ways smaller than t h e value given by Darken's equation. It i s a l s o i n t e r e s t i n g t o p o i n t out t h a t , according t o t h e expression o f a reported above, t h e gradient o f oxygen a c t i v i t y w i l l have t h e same s i g n as t h a t o f c i f DB>
D , b u t opposite t o i t i f DB<D For p-type oxides containing metal vacancies as the p r e v a i l i n g defects t h i s imp'?;es t h a t i n t h e f i r s t instance t h e r e w i l l be a n e t f l u x o f vacancies from a region o f high a values ( h i g h concentrations o f B) t o t h a t 0 o f low a0 values (small concentrations o f B), and a n e t metal f l u x i n t h e opposite d i r e c t i o n . This w i l l thus produce a decrease o f t h e f l u x o f B and an increase o f t h a t o f A u n t i l they are almost equal. The opposite s i t u a t i o n occurs i f D < D since A i n t h i s case t h e gradient o f a w i l l increase t h e f l u x o f B and decrease !hat o f A.
It i s also possible t o o b t a i n eq. ( 7 ) for D(1) by s t a r t i n g from the d e f i n i t i o n o f t h e i n t e r d i f f u s i o n c o e f f i c i e n t b u t t a k i n g i n t o account t h e c o r r e c t values f o r t h e thermodynamic f a c t o r s f o r t h e two metal ions i n t h e s o l i d solution. I n f a c t , as
shown elsewhere /9/, t h e thermodynamic f a c t o r s f o r the metal ions A and B i n an o x ide s o l i d s o l u t i o n are n o t always equal t o one, and i n general they d i f f e r from each other, the actual values depending on the oxygen a c t i v i t y , on t h e oxide composition and also on t h e r a t i o between t h e gradients o f t h e s e two variables. This r e s u l t shows c l e a r l y t h a t the e r r o r connected-with the use o f Darken's equation f o r t h e estimate o f D ( 1 ) from t h e t r a c e r -d i f f u s i o n c o e f f i c i e n t s o f A and B depends on t h e approximat i o n o f considering t h e thermodynamic f a c t o r s o f t h e two ions equal t o each other and equal t o one. I n f a c t , as shown elsewhere /9/, one obtains 4 = 1 9 =1 o n l y when B d i f f u s i o n i n the mixed oxide occurs as a r e s u l t o f the presence 04 gradients o f oxide composition under constant oxygen a c t i v i t y . I n t h e i n t e r d i f f u s i o n experiments however t h i s simp1 e c o n d i t i o n does n o t apply, as examined above, so t h a t t h e two thermodynamic f a c t o r s are no longer equal t o one.
I 1 1 -NUMERICAL APPLICATIONS
The equations derived i n the previous section are applied here t o a s p e c i f i c system f o r which a l l t h e r e l e v a n t data have been measured, i . e . s o l i d solutions between N i O and COO. I n t h i s case t h e l i m i t i n g pure oxides are p-type semiconductors containing metal vacancies /lo/, w h i l e t h e behavior o f t h e two oxide components i n t h e s o l i d 1 along w i t h t h e curve o f D(1) corresponding t o Darken's equation and w i t h t h e experimental data from S t i g l i c h e t a l . /11/. Experimental data a t temperatures of 1299" (two sets ) and o f 1307OC (one s e t ) have been reported together. I t i s seen t h a t the curve o f D(1) c a l c u l a t e d according t o Eq. (7) i s c l e a r l y lower than t h a t corresponding t o Darken's curve, the d i f f e r e n c e being l a r g e s t around = 0.5, because the correct i o n term o f Ea. ( 7 ) reduces t o zero a t 5 = 0 and 5 = 1. The experimental data of D ( I ) are t o o low f o r 5 = 0.51 and p a r t i c u l a r l y f o r c = 0.76 because i n t h e l a s t i nstance the data f o r 5 = 0.76 f a l l below t h e smallest D , i . e . DNi . However, t h e agreement w i t h t h e experimental value o f D(1) a t 1307°C i s r a t h e r good. Even i f t h e d i f f e r e n c e between the two curves f o r D(1) i s l i m i t e d , t h e change produced by the c o r r e c t i o n term i s i n t h e c o r r e c t d i r e c t i o n . I n addition, i t can be stressed t h a t t h e importance o f t h e c o r r e c t i o n i s r e l a t e d t o t h e d i f f e r e n c e between t h e two d i f f usion c o e f f i c i e n t s , being proportional t o (DB -tlAl2. Thus t h e e f f e c t o f t h i s term i s r e l a t i v e l y low i n t h i s case where DB/DA i s r a t h e r small (from 2.1 t o 2.42), b u t i t should be more important when DB/DA i s very d i f f e r e n t from t h e u n i t y . The expressions given f o r t h e two t r a c e r -d i f f u s i o n c o e f f i c i e n t s a t 1445°C are suff i c i e n t l y c o r r e c t . Fig. 1 shows t h e curves f o r D(1) according t o Darken's equation and according t o Eq. ( 7 ) a l s o a t t h i s temperature. I n t h i s case t h e d i f f e r e n c e b e tween the two curves o f D(1) i s smaller than t h a t a t 1300°C because the DB/DA r a t i o i s also smaller. A t t h i s temperature t h e agreement between t h e experimental and c a lculated data f o r D ( I 1 i s b e t t e r than t h a t a t 1300°C.
F i g . 1 -I n t e r d i f f u s i o n c o e f f i c i e n t s D ( I ) a t 1300 and 1445OC i n a i r versus 5.
Curves a: c a l c u l a t e d from Eq. (8); curves b: c a l c u l a t e d from Eq. (71; 0 , A and A : experimental data from S t i g l i c h e t a l . /11/ a t 1436, 1307 and 129g°C, respectively.
